Abstract: Wavelength widely tunable femtosecond sources can be implemented by optically filtering the leftmost/rightmost spectral lobes of a broadened spectrum due to self-phase modulation (SPM) dominated fiber-optic nonlinearities. We numerically and experimentally investigate the feasibility of implementing such a tunable source inside optical fibers with negative group-velocity dispersion (GVD). We show that the spectral broadening prior to soliton fission is dominated by SPM and generates well-isolated spectral lobes; filtering the leftmost/rightmost spectral lobes results in energetic femtosecond pulses with the wavelength tuning range more than 400 nm. Employing an ultrafast Er-fiber laser and a dispersion-shifted fiber with negative GVD, we implement an energetic tunable source that produces ~100-fs pulses tunable between 1.3 µm and 1.7 µm with up to ~16-nJ pulse energy. Further energy scaling is achieved by increasing the input pulse energy to ~1-μJ and reducing the fiber length to 1.3 cm. The resulting source can produce >100-nJ femtosecond pulses at 1.3 µm and 1.7 µm with MW level peak power, representing an order of magnitude improvement of our previous results. Such a powerful source covers the 2nd and the 3rd biological transmission window and can facilitate multiphoton deep-tissue imaging.
Introduction
Femtosecond laser sources with the center wavelength tunable in a wide range of 100s of nanometer are desired in many microscopy and spectroscopy applications. Unfortunately mode-locked femtosecond lasers show only a limited tuning range due to finite gain bandwidth of laser media. As a result, nonlinear wavelength conversion has become the standard technique to achieve femtosecond pulses in the wavelength ranges that cannot be covered by mode-locked lasers. A typical solution is a mode-locked laser plus a synchronously pumped solid-state optical parametric oscillator. Recent years have seen tremendous progress in developing mode-locked fiber (e.g., Yb-doped, Er-doped, Tm-doped etc.) lasers [1, 2] . Compatible with fiber technology, use of nonlinear fiber-optic methods to generate wavelength widely tunable femtosecond pulses from an ultrafast fiber laser is of particular interest. The typical methods include soliton self-frequency shift [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , dispersive wave generation [15] [16] [17] [18] , and four-wave mixing [19] [20] [21] .
Among many nonlinear fiber-optic phenomena, self-phase modulation (SPM) itself can also broaden an optical spectrum [22] to generate new wavelength. In 1998, Mamyshev proposed to use SPM-induced spectral broadening followed by offset spectral filtering for optical data regeneration [23] . The resulting optical pulse reshaping can be used in optical communications to suppress the noise in "zeros" and the amplitude fluctuations in "ones" [24, 25] . In these applications, long (>10s of meters) optical fibers are required because the input pulses are several picosecond in duration with ~1-W level peak power. In recent years, the idea of Mamyshev regenerator has been revived in the field of femtosecond pulse generation. For example, it allows generation of femtosecond pulses using picosecond Qswitched laser [26] or gain-switched laser [27] ; it is also used to enhance the temporal contrast of mJ femtosecond pulses [28] . Incorporation of Mamyshev regenerator inside a laser cavity has resulted in a new type of mode-locked lasers [29, 30] .
In all above applications, SPM-induced spectral broadening increases the input spectral bandwidth by ~50 nm at most such that the regenerated pulse after optical filtering has a center wavelength close (<30 nm) to the initial pulse prior to the spectral broadening. This ensures that the regenerated pulse can be further amplified by the same gain medium that is used to amplify the initial pulse. Recently we extended the idea underlying Mamyshev regenerator and applied it to implementing wavelength widely tunable (~400 nm) femtosecond sources [31] [32] [33] . The essence of the idea is to employ SPM-dominated nonlinearity to dramatically broaden an input narrowband optical spectrum to a spectral width of 100s of nm. The resulting broadened spectrum features isolated spectral lobes with a considerable portion of power contained by the leftmost and the rightmost spectral lobes. Using optical filters to select the leftmost/rightmost spectral lobes produces nearly transformlimited ~100-fs pulses with the center wavelength widely tunable.
This new application is clearly distinct from the conventional Mamyshev regenerator in that the filtered pulses may have the center wavelength far from the initial pulse's center wavelength, leading to a wide tuning range of ~400 nm. For example, using an ultrafast Ybfiber laser at 1030 nm as the source laser, this SPM-enabled spectral selection (SESS) allows generation of ~100-fs nearly transform-limited pulses (without external compression), tunable from 825 nm to 1210 nm with >1-nJ pulse energy [31] . SESS exhibits superior energy scalability; the resulting pulse energy can be scaled up by using shorter fibers with larger mode area. For example, SESS enabled by 2-cm large-mode-area (LMA) fiber allowed us to obtain energetic tunable pulses from an ultrafast Yb-fiber laser; the resulting pulses are tunable in the wavelength range of 1030-1215 nm with up to >20-nJ pulse energy [32] . We employed such a powerful source to multiphoton microscopy imaging of human skin [32] . We also applied SESS to ultrafast Er-fiber lasers at 1.55 µm and obtained femtosecond pulses tunable from 1.3 µm to 1.7 µm [33] . The filtered spectra at 1.3 µm and 1.7 µm correspond to two optical transmission windows and are of importance for deep-tissue imaging [34] [35] [36] .
It is noteworthy that group-velocity dispersion (GVD) plays an important role to achieve efficient SESS. Pure SPM can produce a broadened spectrum with well-isolated spectral lobes and the leftmost/rightmost spectral lobe includes more power than other lobes. However, interplay between SPM and GVD tends to wash out the spectral lobes, leading to reduced pulse energy for the filtered pulses. In all the previous demonstrations, we performed SESS always in optical fibers with either positive GVD or close-to-zero GVD. To mitigate the detrimental effects caused by GVD, we use short fibers (<10 cm) to achieve spectral broadening, which guarantees that SPM dominates the broadening process.
Most conventional optical fibers-especially fused silica LMA fibers-exhibit positive GVD at the Yb-fiber laser wavelength (i.e., ~1030 nm) and negative GVD at the Er-fiber laser wavelength (i.e., ~1.55 µm). Specially designed fibers at the expense of the fiber mode area may possess close-to-zero or even positive GVD at the Er-fiber laser wavelength. For example, we employed 4-cm dispersion-compensating fiber-which has a GVD of 48.5 fs 2 /mm at 1.55 µm-to implement SESS and generated ~10-nJ, <100-fs pulses at 1.35 µm and 1.7 µm [33] . To scale the pulse energy to >100 nJ and therefore achieve ~1-MW peak power-a power level required by applications such as deep-tissue bioimaging [35, 36] , the fiber length should be reduced to ~4 mm, which becomes challenging for experimental handling. In addition, the small mode-field diameter (MFD) (6 µm for this dispersioncompensating fiber) degrades the system robustness when free-space coupling is adopted. As we have shown, energy scaling can be also achieved by increasing the MFD of an optical fiber with positive GVD [32] . At the Er-fiber laser wavelength, however, increasing the fiber MFD normally leads to negative GVD that complicates the nonlinear propagation of an ultrashort pulse inside the fiber. The negative GVD and strong SPM can reshape the input pulse into a higher-order optical soliton. Due to higher-order effects such as third-order dispersion (TOD), self-steepening, and stimulated Raman scattering, this higher-order soliton breaks into multiple fundamental solitons and emits dispersive waves; further propagation leads to wavelength red-shifted Raman solitons [37] .
Ultrashort pulse propagation inside an optical fiber with negative GVD has been extensively investigated under the context of higher-order soliton pulse compression, supercontinuum generation, and soliton self-frequency shift [38] . It remains unclear whether optical fibers with negative GVD allows to implement SESS because efficient SESS requires the formation of well-isolated spectral lobes with a considerable portion of power concentrated in the leftmost/rightmost spectral lobes.
In this paper, we report the first-to the best of our knowledge-systematic investigation of the interplay between SPM and negative GVD in terms of spectral lobe formation, wavelength tunability of the filtered pulses, power conversion efficiency to the leftmost/rightmost spectral lobes, and energy scalability of the resulting tunable source. We show both numerically and experimentally that, prior to soliton fission, higher-order soliton formation compresses the input pulse and enhances the spectral broadening. The spectral broadening is still dominated by SPM and generates well-isolated spectral lobes. We find that more power is distributed in the leftmost and rightmost spectral lobes compared with SESS under positive GVD, implying that negative-GVD enabled SESS exhibits higher energy conversion efficiency. Our simulation results are verified by experiments. We first use a 31-MHz ultrafast Er-fiber laser as the pump source to excite SPM-dominated spectral broadening inside an optical fiber with −10 fs 2 /mm GVD and 10-µm MFD. By filtering the leftmost or rightmost spectral lobes, we produce ~100-fs (nearly transform-limited) pulses tunable from 1.3 µm to 1.7 µm with up to >15-nJ pulse energy. To show the superior energy scalability of SESS enabled by fiber with negative GVD, we replace the Er-fiber laser by a high-energy optical parametric amplifier (OPA) as the pump source; the resulting ~100-fs pulses are tunable from 1.3 µm to 1.7 µm with >100-nJ pulse energy, corresponding to ~MW peak power. These results represent an order of magnitude improvement of our previous results in terms of pulse energy and peak power, making the high-energy SESS source attractive for deep-tissue imaging applications.
Numerical simulation
We solve the generalized nonlinear Schrödinger equation to investigate the effect of GVD on the spectral broadening at the pump wavelength of 1.55 µm. Without loss of generality, we propagate an ultrashort pulse inside three fibers featuring positive (10 fs 2 /mm), zero (0 fs 2 /mm), and negative GVD (−10 fs 2 /mm) at 1.55 µm, respectively. To be more practical, we assume constant TOD of 100 fs 3 /mm at 1.55 µm for all three cases. The input pulse (center wavelength at 1.55 µm) has a hyperbolic-secant shape with 300-fs pulse duration and 95-nJ pulse energy. We assume that these three fibers have the same MFD of 10 µm. Figure 1 (a) and 1(d) show the optical spectral and temporal evolution of the input pulse propagating inside the fiber with 10 fs 2 /mm GVD. As we expect, SPM dominates the spectral broadening and forms well-separated spectral lobes [ Fig. 1(a) ]. Due to the positive GVD, the input pulse is stretched along the propagation distance [ Fig. 1(d) ]. In contrast, for propagation in the fiber with zero GVD, the pulse duration shown in Fig. 1 (e) remains almost constant; consequently the broadened spectrum in Fig. 1(b) becomes broader than achieved in the fiber with positive GVD. Figure 1(c) and 1(f) depict the spectral and temporal evolution as the input pulse propagates in the fiber with negative GVD of −10 fs 2 /mm. Due to higher-order soliton pulse compression arising from the interaction between SPM and negative GVD, the input pulse becomes shorter along the fiber length [ Fig. 1(f) ]. It reaches the shortest pulse duration at the fiber length of 5.2 cm, which is defined as the soliton fission length and denoted by the white dashed lines in Fig. 1(c) and 1(f) . Further propagation leads to soliton fission that ejects multiple pulses, which starts to destroy the well-separated spectral lobes that originate from SPM-dominated spectral broadening.
To visualize more details, we plot in Fig. 2 the spectra and temporal pulses at fiber lengths of 4.6 cm (blue curves) and 5 cm (red dashed curves). For a comparison, we plot in the same figure the spectrum and pulse at the fiber input (black curves). Clearly the input spectrum shown as the black curve in Fig. 2(a) is substantially broadened and extended to both the short and long wavelength side. In the time domain, the pulse experiences accelerated compression; the peak power increases from 279 kW to 530 kW after propagation of 4.6 cm.
Then at further propagation of 0.4 cm, the peak power reaches 893 kW, which is shown by the red dashed curve in Fig. 2(b Above results suggest that when implementing SESS using optical fibers with negative GVD, fiber length should be less than the soliton fission length to ensure SPM-dominated spectral broadening. Soliton fission length can be estimated as [38] 
where L D is the characteristic dispersive length scale and N is the soliton order. T 0 is related to the full-width at half-maximum (FWHM) pulse duration by 0 FWHM ~ / 1.763 T T assuming a hyperbolic-secant pulse. 2 is the GVD, γ the nonlinear parameter of the optical fiber, and E the input pulse energy. In our simulation, these parameters are T FWHM = 300 fs, 2 = −10 fs 2 /mm, γ = 1.73 /W/km, and E = 95 nJ, which result in L fiss = 5.5 cm and agree well with the soliton fission length of 5.2 cm obtained by numerical simulation. Equation (1) suggests that soliton fission length is inversely proportional to the square root of input pulse energy-a relation that favors SESS energy scaling. For example, as we quadruple the input pulse energy, the corresponding soliton fission length is reduced by half. Then we intuitively expect more accumulated nonlinear phase and a wider broadened spectrum. To numerically confirm such a speculation, we increase the input pulse energy from 95 nJ to 380 nJ, propagate the pulse in the fiber with −10 fs Fig. 3 . Spectral evolution for different combinations of fiber length and input pulse energy: (a) 95-nJ pulse, fiber length up to 5.2 cm and (b) 380-nJ pulse, fiber length up to 2.6 cm. For both cases, the input pulse is a hyperbolic-secant pulse with 300-fs duration centered at 1.55 µm. The fiber has 10-µm MFD, −10 fs 2 /mm GVD, and 100 fs 3 /mm TOD at 1.55 µm.
Despite similar spectral evolution shown in Fig. 3 (a) and 3(b), increasing the input pulse energy leads to a much wider SPM-dominated spectrum broadening. To illustrate this point, we plot in Fig. 4 the spectra and the pulses for different combinations of pulse energy and fiber length. For 95-nJ pulse energy and 4.6-cm fiber length, the blue curve in Fig. 4(a) shows that the leftmost and the rightmost spectral lobes peak at 1.45 µm and 1.64 µm, respectively. As we increase the pulse energy to 380 nJ and reduce the fiber length to 2.3 cm, these two lobes peak at 1.34 µm and 1.74 µm, shown by the red dashed curve in Fig. 4(a) . The blue curve and the red dashed curve in Fig. 4(b) clearly indicate the higher-order soliton compression. For a better understanding of energy scaling, we also plot in Fig. 4 the simulation results corresponding to 190-nJ input pulse energy and 2.3-cm fiber length. From Eq. (1), we can estimate that the soliton fission length for the 190-nJ pulse is about 3.9 cm. As a result, propagation inside 2.3-cm fiber introduces negligible pulse compression [black dashed curve in Fig. 4(b) ]. This explains why the resulting spectrum [black dashed curve in Fig. 4(a) ] is narrower than the one generated from 95-nJ pulse propagating in the 4.6-cm long fiber [blue curve in Fig. 4(a) ]. Such behavior contrasts with SPM-dominated spectral broadening in a fiber with positive GVD, for which reducing the fiber length by a factor of 2 and doubling the input pulse energy leads to a wider broadened spectrum due to less pulse stretching [31] [32] [33] . . Optical pulses (blue curves) and the calculated transform-limited (TL) pulses (red curves) from the filtered leftmost spectral lobe (a) and rightmost spectral lobe (b). These two spectral lobes are part of the SPM-dominated spectrum generated by propagating the 380-nJ pulse through 2.3-cm fiber. Insets: filtered optical spectra.
To demonstrate SESS, we numerically filter the leftmost and rightmost spectral lobes from the spectrum given by the 380-nJ pulse propagating through 2.3-cm fiber; the resulting pulses are plotted as the blue curves in Fig. 5 . The filtered spectral lobes are shown as the black curves in the insets of Fig. 5 . More specific, the filtered leftmost spectral lobe produces an 87-fs, 117-nJ pulse [blue curve in Fig. 6(a) ], and the rightmost spectral lobe produces a 102-fs, 121-nJ pulse [blue curve in Fig. 6(b) ]. Both pulses exhibit >1-MW peak power. The transform-limited pulses shown as the red curves in Fig. 6 calculated from the filtered spectra have durations of 78 fs and 98 fs, respectively, showing that the SESS pulses are nearly transform-limited. These two spectral lobes have a total pulse energy of 238 nJ, which accounts for >60% of the 380-nJ input pulse energy, representing an efficient wavelength conversion process.
Experimental results
Guided by above simulation results, we first use an Er-fiber laser as the driving source to experimentally implement such a SESS source in a fiber with negative GVD. The 31-MHz Er-fiber laser produces 290-fs pulses centered at 1.55 μm with up to 160-nJ pulse energy. More details about this Er-fiber laser system are presented in [33] . The optical fiber that we use in this paper is a dispersion-shifted fiber (DSF) with −10 fs 2 /mm GVD and 10-µm MFD at 1.55 μm. Limited by the available pulse energy, we compare spectral evolution at two fiber lengths (14 cm versus 7 cm) that are longer than those in the simulation. Figure 6 shows the spectra at the output of the 14-cm DSF for the coupled pulse energy at 10 nJ, 15 nJ, 20 nJ, and 25 nJ. As the coupled pulse energy increases, the spectrum gradually broadens towards shorter and longer wavelength forming two isolated spectral lobes. To investigate energy scaling by shortening the fiber length, we obtain SPM-dominated spectra at different combinations between fiber length and input pulse energy. Figure 7 (a) plots the broadened spectrum of 28-nJ pulses by 14-cm DSF; the leftmost and rightmost spectral lobes peak at 1.42 μm and 1.64 μm, respectively. As we reduce the fiber length to 7 cm and increase the pulse energy to 56 nJ, the resulting spectrum shown in Fig. 7(b) experiences less broadening; the leftmost and rightmost spectral lobes peak at 1.44 μm and 1.62 μm, respectively. As we further increase the pulse energy to 112 nJ (4 times 28 nJ), spectral broadening in the 7-cm DSF shifts the leftmost spectral lobe to 1.32 μm and the rightmost one to 1.69 μm. Clearly the results shown in Fig. 7 qualitatively agree with the simulation results presented in Fig. 4(a The experimental results in Fig. 7 indicate that energy scaling can be achieved by increasing the input pulse energy and meanwhile shortening the fiber length. The peak wavelength of the leftmost and rightmost spectral lobes can be continuously tuned by varying the coupled pulse energy. For example, SPM-dominated spectral broadening in the 7-cm DSF followed by optical filters to select the leftmost/rightmost spectral lobes results in a femtosecond source with the wavelength tunable between 1.3 μm and 1.7 μm. To show the wavelength tunability, we plot 6 representative filtered spectral lobes in the left column of Fig. 8 . They peak at 1.3 μm, 1.35 μm, 1.4 μm, 1.45 μm, 1.6 μm, and 1.7 μm with the corresponding pulse energy of 15.8 nJ, 11.9 nJ, 7.4 nJ, 6.6 nJ, 11.3 nJ, and 15.5 nJ, respectively. At 31-MHz repetition rate, this tunable femtosecond source has an average power of 230-490 mW. The corresponding pulses given by these 6 spectra are measured by an intensity autocorrelator and the measured autocorrelation traces are shown as the red solid curves in the right column of Fig. 8 . The FWHM duration of these autocorrelation traces is 149-234 fs. The pulse duration is estimated to be 97-152 fs assuming a hyperbolic-secant pulse with a deconvolution factor of 1.54. The black dashed curves in the right column plot the calculated autocorrelation traces of the transform-limited pulses allowed by the filtered spectra, showing that the filtered spectra generate nearly transform-limited pulses.
It is noteworthy that the filtered spectra at 1.3 μm and 1.7 μm are obtained from the same broadened spectrum corresponding to 115-nJ coupled pulse energy. The total pulse energy distributed in the leftmost and the rightmost spectral lobes is 31.3 nJ, corresponding to 27% energy conversion efficiency. In our previous work, we used the same laser source to derive SESS sources based on positive-GVD fibers [33] . By also coupling 115-nJ pulses into 4-cm dispersion-compensating fiber with 48.5 fs 2 /mm GVD at 1.55 μm, the resulting leftmost and rightmost spectral lobes peak at 1.35 μm and 1.7 μm, respectively [33] . The total pulse energy given by these two spectral lobes is 21 nJ, accounting for 18% energy conversion efficiency. Apparently SESS based on negative-GVD fibers exhibits a better energy scalability.
The filtered spectra at 1.3 μm and 1.7 μm correspond to two important optical windows for biomedical imaging [34] . Femtosecond pulses at these two wavelengths are regarded as the best choice for deep-tissue imaging [35, 36] . Depending on the biological sample and the imaging modality, femtosecond pulses with MW peak power may be desired [35, 36] . Limited by the available pulse energy of 160 nJ provided by the Er-fiber laser system, the SESS source based on 7-cm DSF produces ~100-fs pulses with ~16-nJ pulse energy at both 1.3 μm and 1.7 μm. The resulting peak power is at the 0.1 MW level. To show the feasibility of further energy scaling, we replace the Er-fiber laser system by a home-built OPA system that is pumped by a 3-kHz Ti:sapphire laser. Fig. 9 . MW peak power SESS source at (a) 1.3 µm and (b) 1.7 µm. The whole spectra are generated by SPM-dominated spectral broadening in 1.3-cm DSF. The input narrowband 1.55 µm pulses are produced by a home-built OPA. Insets: the measured autocorrelation traces (red curves) for the filtered spectral lobes (shaded part of the whole spectrum). Black dashed curves show the calculated autocorrelation traces of the transform-limited pulses given by the filtered spectra.
The signal pulse from the OPA is tunable between 1.2 µm and 1.6 µm with ~40-fs pulse duration. To match the pulse parameters of our Er-fiber laser system, we intentionally tune the signal wavelength to 1.55 µm and use an optical bandpass filter to select a narrowband spectrum that supports ~300-fs pulses. We couple this narrowband pulse into 1.3-cm DSF. By varying the input pulse energy, we can fine tune the peak position of the leftmost/rightmost spectral lobes. At the 760-nJ coupled pulse energy, the measured spectrum plotted in Fig. 9(a) shows that the leftmost spectral lobe peaks at 1.3 µm. We use an optical filter to select this spectral lobe and obtain 130-nJ pulse energy. The resulting pulse is measured by an intensity autocorrelator. The measured autocorrelation trace-shown as the red curve in the inset of Fig. 9(a) -suggests a 94-fs pulse duration assuming a deconvolution factor of 1.54. The black dashed curve represents the calculated autocorrelation trace for the transform-limited pulse. Given 130-nJ pulse energy and estimated pulse duration of 94 fs, the pulse peak power should exceed 1 MW. To shift the rightmost spectral lobe to 1.7 µm [ Fig. 9(b) ], we increase the input pulse energy to 830 nJ. The filtered pulse at 1.7 µm has 110-nJ pulse energy and an estimated pulse duration of 150 fs [inset of Fig. 9(b) ]. The resulting peak power is at the MW level. It is worth noting that the leftmost spectral lobe in Fig. 9(b) peaks at 1.2 µm. Filtering this spectral lobe should also lead to ~100-fs pulses with ~100 nJ pulse energy.
Conclusion
We present a detailed numerical and experimental study on SESS in optical fibers with different dispersion. Although spectral broadening inside optical fibers with negative GVD involves higher-order soliton compression and soliton fission, our results show that SPM dominates the spectral broadening prior to soliton fission. Before soliton fission occurs, higher-order soliton compression increases the pulse peak power and accelerates the spectral broadening. The broadened spectrum features two well-isolated spectral lobes whose peak wavelengths can be continuously tuned by varying the input pulse energy. The SESS source as a result of filtering the leftmost/rightmost spectral lobes can produce energetic ~100-fs pulses. Using 7-cm DSF to broaden the spectrum offered by an ultrafast Er-fiber laser, we implement a SESS source that can be tuned from 1.3 µm to 1.7 µm with up to ~16-nJ pulse energy. By increasing the input pulse energy to ~1-µJ (offered by an OPA source) and reducing the DSF length to 1.3 cm, we significantly scale up the pulse energy of such a SESS source. More specific, we achieve >100-nJ femtosecond pulses at 1.3 µm and 1.7 µm while the peak power reaches the MW level.
Currently we are employing the Er-fiber laser enabled SESS source to perform multiphoton deep-tissue imaging. Meanwhile, we are also upgrading our Er-fiber laser to the ~1-µJ level to implement an Er-fiber laser based SESS source that produces widely tunable femtosecond pulses with MW peak power. We believe such a powerful source will open many new applications. 
